reported, gold or silver nanoparticles may remain in scar tissue for a long time. 29, 30 Therefore, there is an urgent need to explore safer and more effective treatment strategies.
Hyaluronic acid (HA) is a nitrogen-containing mucopolysaccharide
composed of disaccharide units of D-glucuronic acid-N-acetylglucosamine and is a major component of the extra-cellular matrix. 31, 32 It is an important industrial material and medical/pharmaceutical excipient, and has been widely used in skin care products and tissue engineering. [33] [34] [35] However, as an aid to skin healing HA has several defects: (a)
it has been characterized as a moisturizer with low viscosity; 36 (b) a single application of HA does not make the wound breathable. 37 The aim of this study was to improve the effect of HA on wound healing. We prepared and tested a HA-poloxamer (HA-POL) hydrogel and found that this new material can effectively promote skin-wound healing by enhancing protein accumulation in the wound area, increasing air permeability and preventing bacterial invasion. 
| ME THODS

| Agents and animals
| Preparation of HA-POL hydrogel
To prepare the hydrogel, 
| Full-thickness wound healing experiments in rats
Adult male SD rats, with body weights of 180-220 g, were fed and housed in clean cages maintained at 22-25°C. At the start of the experiment, twenty rats were anesthetized by intraperitoneal injection of 10% (w/v) chloral hydrate (0.5 ml per animal). The dorsal skin was shaved and cleaned with an iodophor (0.2% w/v). The dorsal skin was then surgically operated to excise two full-thickness skin patches (diameter 2 cm 2 ) on each side of the upper backs of each animal. The left-side wound was chosen as the control and treated with an injection of physiological saline. The right-side wound was treated with drugs. The rats were randomly divided into two therapeutic groups (n = 10 in each group): one group of animals was treated with HA-POL hydrogel and the other group was treated with bFGF (100 AU/cm 2 ), which was chosen as a positive control.
Both agents were applied directly by smearing on the skin wounds once per day. Photographs of skin wounds were taken at the indicated time points.
At the different time points, the two rats were sacrificed and fullthickness skin samples including intact skin adjacent to the wound, the wound margin and epithelialized wounds were collected and prepared as tissue slices. Slices were then examined using HE (hematoxylin and eosin) 38 and Sirius Red staining. 
| Biochemical analysis
At the time of sacrifice, granulation tissue from rat skin 
| Gas barrier test
Hydrogel films were prepared and the thickness of films was examined. Band-aid adhesive bandages of different thicknesses were used as controls. A moisture permeability analyzer (Cat # Permatran-W3/61, Mocon Corporation, Illinois, USA) was used to examine the water vapor transmission rate (WVTR, g/m 2 / day) of hydrogel. 40 An oxygen permeability analyzer (Cat # 8001, Mocon Corporation, Illinois, USA) was used to examine the oxygen transmission rate (OTR, ccm/m 2 /day) of hydrogel. 41 Test temperature (T) and relative humidity (RH) conditions were T = 25°C, RH = 0 for OTR measurement and T = 25°C, RH = 50% for WVTR measurement.
| Transwell assays
Transwell assays were performed to test bacterial migration across a solvent control, HA gel or HA-POL gel, which were added to the undersides of the upper chambers of the assay vessels. 
| RE SULTS
| HA-POL hydrogel temperature sensitivity
As shown in Figure 2 , the apparent viscosities of HA-POL or POL hydrogels increased with temperature. The HA-POL hydrogel transformed from sol to gel at 30°C, whereas the POL hydrogel transformed from sol to gel at 37°C. The results indicated that HA-POL hydrogel forms films at a temperature close to body temperature.
| HA-POL hydrogel promotes skinwound healing
First, we examined the overall effect of HA-POL hydrogel on skinwound healing. Figure 3A shows the skin-wound healing process in rats receiving control (saline), bFGF (basic fibroblast growth factor) or HA-POL hydrogel treatments at different time points. By day 14, the skin wounds of the rats in the HA-POL hydrogel group were almost completely healed whereas the wounds of the control and bFGF groups were still visible.
Next, we examined the protein and hydroxyproline (Hyp) content of the wounds to reveal the extent of protein accumulation during the healing process. As shown in Figure 3B and C, the total protein and Hyp content in the HA-POL-treated group was higher than in the control or bFGF groups.
We next performed pathological staining assays, using HE and Sirius Red staining, to further investigate the effect of the hydrogel. As shown in Figure 4 , granulation tissue formation and angiogenesis were identified by HE staining ( Figure 4A ), whereas fibroblast accumulation and collagen deposition were examined by Sirius Red staining assays ( Figure 4B ). HA-POL hydrogel promoted fibroblast accumulation, granulation tissue formation, angiogenesis and collagen deposition more effectively than control and bFGF groups.
| HA-POL hydrogel effectively protects skin wounds from E. coli
Next, transwell experiments were performed to examine the migration of bacteria across the gel. E. coli was added to the upper chambers, the undersurfaces of which were coated with control saline solution, HA hydrogel or HA-POL hydrogel. As shown in Figures 1 and 5, E. coli migrated from the chambers to the wells below when the chambers were coated with saline and this migration was attenuated by HA hydrogel for 2-3 days and by HA-POL gel for over 5 days.
These data show that HA-POL hydrogel effectively protected the wounds from bacterial infection. 
| HA-POL hydrogel has good moisture absorbing and air permeability capacities
The moisture absorption and air permeability of HA-POL hydrogel was examined. As shown in Figure 6 , unlike Band-Aid adhesive bandages, which can completely block oxygen and water vapor transmission, HA-POL hydrogel showed good moisture absorbing and air permeability capacities. This finding indicated that HA-POL hydrogel may be a promising material for promoting wound healing.
| D ISCUSS I ON
Skin-wound healing is a complex process involving multiple steps: stratum corneum cells proliferate to form a scab and then fibroblasts generate new granulation tissue to fill the wound scars and wrap necrosis tissues. 44, 45 Final differentiation of the hair follicles and hair structure are essential for wound repair. 46, 47 Among current treatments, Band-aid adhesive bandages are used to prevent hemostasis, ointments containing antibiotics are used to prevented infections, and growth factors, eg bFGF, are used to promote fibroblasts proliferation.
48,49
Recently, nanoparticles have been used as novel treatments in skin-wound healing: silver nanoparticles are used as anti-infection agents, while gold nanoparticles are used to stimulate fibroblast proliferation and collagen secretion. 50 However, gold and silver nanoparticles may deposit sub-dermally for long periods of time and be difficult to excrete, 51 and the cost of these promising materials may be a major obstacle to wide clinical and out-patient use. 
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